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INTRODUCTION Some of the information comes from work with eukaryotic

The ribosome is a nucleoprotein particle responsible for one
of the key processes in every cell, the decoding of mRNA into
protein. Although much research has been focused on the
molecular mechanisms behind each step of translation, ribo-
some biogenesis per se and feedback signaling from ongoing
protein synthesis to the biogenesis machinery have been some-
what neglected. Formation of the ribosomal particle involves a
complex series of processes, i.e., synthesis, processing and
modification of both rRNA and ribosomal proteins, and as-
sembly of the components. The quality of the particle must also
be checked and the amount of active ribosomes monitored. All
of these events must be tightly regulated and coordinated to
avoid energy losses and imbalances in cell physiology.

How, then, is synthesis of all of the ribosomal components
coregulated? How is the ribosome actually put together from
some 55 components into a mature and functional ribozyme?
Recently, the field of ribosome biogenesis has been experienc-
ing a boost, and yet the picture of the process remains unclear.
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ribosomes, e.g., Dictyostelium or Saccharomyces, and some
from eubacterial species. This review concentrates on Esche-
richia coli, and we address questions such as the following. In
what order are all of the ribosomal components put together?
When does the final rRNA processing occur? How is the mat-
uration of the two ribosomal subunits coordinated and their
quality checked? Is this process somehow linked to transla-
tion? We also discuss the many accessory factors needed dur-
ing the assembly process, the list of which has grown substan-
tially during the last few years even though the precise
mechanism and role for most of the proteins are not under-
stood.

TRANSLATION AND THE RIBOSOME

The Translation Process

The translation process is not within the scope of this review
and thus is reviewed only briefly to provide the necessary
background; for more detailed reviews, see references 72, 139,
159, 173, 197, and 213.

Initiation. Initiation of protein synthesis in E. coli is pro-
moted by three initiation factors: IF1, IF2, and IF3. It involves
interaction between the Shine-Dalgarno (SD) sequence in the
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FIG. 1. Tertiary structures of the 30S (A) and 50S (B) subunits, seen from the interface side. The structures are adapted from the E. coli 3.5-A
crystal structure (187) and were modeled with PyMol (51). Features described in the text are indicated; L1 and L7/L12 are not present in the
structure. rRNA is shown as translucent gray spheres, and ribosomal proteins are shown as blue ribbons.

mRNA, about 6 to 9 nucleotides (nt) upstream of the transla-
tion initiation codon, and the anti-SD sequence at the 3’ end of
the 16S rRNA (192). After primary association of the mRNA
to the 30S subunit via the SD-anti-SD interaction, the initia-
tion factors are involved in start codon accommodation at the
P site, contributing to the fidelity of translation initiation (72).
Initiation is thought to be the rate-limiting step in protein
synthesis, and several ways of regulating translation through
initiation are used.

Elongation. After association of the 30S and 50S subunits at
the end of the initiation step, the P site holds the aminoacy-
lated initiator tRNA, while the A site is empty and ready to
receive an aminoacylated tRNA. It is brought to the ribosome
as a ternary complex with elongation factor Tu (EF-Tu) and
GTP. After GTP hydrolysis, EF-Tu releases the aminoacyl end
of the A site tRNA, allowing it to swing into the P site. Hence,
the ends of the A and P site tRNAs are positioned at the
peptidyl transferase center (PTC) on the 50S subunit, and
peptide bond formation can occur (163). The deacylated tRNA
is moved from the P site to the E site, to eventually be ejected
from the ribosome, while the peptidyl tRNA repositions from
the A site to the P site. The translocation reaction is driven by
GTP hydrolysis and EF-G (176). The result of translocation is
a ribosome ready for the next round of elongation.

Termination and recycling. Translation termination begins
when a stop codon in the mRNA enters the ribosomal A site.
The termination codon is recognized by either release factor 1
(RF1) or RF2; RF1 terminates at stop codons UAA and UAG,
while RF2 terminates at UAA and UGA. Binding of RF1/RF2
to the ribosome triggers hydrolysis and release of the peptide
chain from the P site tRNA (109). Upon peptide bond hydro-
lysis, the third release factor, RF3, which is a GTPase, binds to
the ribosome and promotes dissociation of RF1/RF2 from the
A site (63, 110).

After peptide release, the ribosome is left with bound
mRNA and a deacylated tRNA in the P site. This complex
needs to be disassembled to prepare the ribosomal subunits for
a new round of protein synthesis. Ribosome recycling factor,

along with EFG, is required for the process of subunit disso-
ciation (105). Subsequently, IF3 replaces the deacylated tRNA
on the 30S subunit and allows the mRNA to either detach from
the complex or form a new stable SD-anti-SD interaction with
the downstream ribosome-binding site (103).

The Ribosome and Its Biogenesis

Prokaryotic ribosomes sediment as 70S particles and are
formed by two subunits, 30S and 50S. In E. coli, the 70S
ribosome is a 210-A particle that consists of roughly two-thirds
RNA and one-third protein (187). The small subunit, 30S, is
made of 16S rRNA (1,542 nt) and 21 ribosomal proteins (1-
proteins), while the large subunit, 50S, is composed of two
rRNAs, 23S (2,904 nt) and 5S (120 nt) rRNA, and 33 proteins
(156).

The recently published E. coli 3.5-A-resolution 70S crystal
structure is highly similar to the structures obtained from other
prokaryotes, though small species-specific divergences can be
found (187). The low-resolution crystal structures of the 70S
ribosome and the subunits from the eubacteria Deinococcus
radiodurans and Thermus thermophilus and the archaeon Halo-
arcula marismortui (11, 76, 212, 219) provide insights into the
universal mechanism of translation and the complex organiza-
tion of rRNA, ribosomal proteins, and ligands (30, 32, 62, 113,
188). However, it is important to remember that although they
are very helpful, the above-mentioned structures show only
“snapshots” of the ribosomal conformation at the time of crys-
tallization and do not always reflect the flexibility of the par-
ticle during translation, as has been illustrated by cryo-electron
microscopy studies (2).

The ribosomal subunits have different functions in transla-
tion. The 50S particle is a hemisphere, with three structures
protruding from its top (Fig. 1B). The view of the 50S inter-
face, the side that interacts with the 30S particle, shows the
central protuberance in the middle, which includes the 5S
rRNA and its associated proteins, while the two arms that
extend to the left and right are formed by protein L1 and
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FIG. 2. Schematic drawing of the rnB operon. (A) Nucleolytic processing of the rnB primary transcript. The rRNA and tRNA species,
promoters P1 and P2, and terminators T1 and T2 are indicated, as well as the processing sites of RNase III (IIT), RNase G (G), RNase E (E),
RNase P (P), RNase T (T), and the unknown RNases (?). (B) Promoter region of the 77nB operon. Locations of FIS- and H-NS-binding sites and
the UP, discriminator, and nut sequences are marked. Arrows show the start sites of transcription.

protein L11/rRNA, respectively. The protein tetramer L7/L.12
is bound to the L11/rRNA complex but is not visualized in the
crystals due to the structure’s high flexibility. Another flexible
feature is found just beneath the L1 arm and is formed by
protein L9 (187). Also visible from this perspective is the PTC,
a region where the acceptor arms of the A-site and P-site
tRNAs come together, enabling rapid and spontaneous pep-
tide bond formation. Beginning just below the PTC is the
polypeptide exit tunnel, which provides the nascent peptides
with a stable path through the subunit to the solvent side of the
particle (146). The tunnel is about 100 A long and up to 25 A
in diameter and can accommodate a peptide of approximately
40 amino acids (146, 217). It possesses a nonstick character to
allow the passage of all peptides, even though, under certain
circumstances, some peptides stall the ribosome to regulate the
synthesis of downstream proteins (66, 146).

The two main functions of the small subunit are to initiate
the interaction with mRNA during translation initiation and to
decode the message. The 30S particle is approximately half the
molecular weight of the 50S subunit, and its structure can be
divided into an upper part, the head, and a lower, larger body
(Fig. 1A). When viewed from the interface side, the head has
a narrow neck region and is slightly bent to the left over
the shoulder, forming a deep cleft (20). To the right, below the
head, is the platform where the anti-SD sequence is found. The
decoding site with the A and P sites is located at the bottom
of the cleft. Here, the anticodon loops of accommodated
tRNAs interact with codons in the mRNA. The E site,
whose existence is no longer disputed, differs from the other
two sites in that the mRNA and tRNA disconnect, preparing
for the ejection of the tRNA from the ribosome (186, 188).

The decoding region, being more flexible than the compact
lower part of the subunit, facilitates the rearrangements that
are needed for cognate tRNA selection at the A site. The
flexibility has also been suggested to be important for con-
trol of mRNA and tRNA movements during translocation
(113, 187, 188).

Upon translation initiation, the two subunits associate and
become connected via a complex network of molecular inter-
actions along the interface (80). This region is relatively free of
ribosomal proteins and provides binding surfaces for many
substrates and ligands (44, 219). The intersubunit RNA bridges
have been shown to rearrange, or even break, as part of the
translation elongation cycle (187), demonstrating high elastic-
ity of the rRNA that is essential for both signal transmission
between the ribosomal subunits and coordination of their rel-
ative movements during translation.

The assembly and maturation of the ribosomal subunits are
very complex and involve a series of events, such as processing
and modification of rRNA, ordered binding of ribosomal pro-
teins and metal ions, and sequential conformational changes.
In vivo this takes approximately 2 min at 37°C (127, 185). In
the following sections, we describe the steps leading to the
assembly of 70S ribosomes and mention the factors and en-
zymes that are thought to be involved in the maturation pro-
cess.

Nucleolytic processing of rRNA. The biogenesis of ribo-
somes begins with transcription of the 16S, 23S, and 5S rRNA,
which are synthesized as one primary transcript (Fig. 2A).
Maturation of the transcript begins before transcription is
completed, with instant formation of local secondary structures
and, as soon as their binding sites emerge from the poly-
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merase, binding of ribosomal proteins. Simultaneously,
rRNA becomes chemically modified at a number of posi-
tions and is processed by several RNases to generate mature
rRNA species (211).

The first endoribonuclease to cleave the primary rRNA tran-
script is RNase III, which separates precursor rRNA and
tRNA. During transcription, the sequences flanking 16S and
23S rRNA come together, forming double helical structures
whose hairpin loops include the entire 16S and 23S rRNAs,
respectively. These double-stranded stems, and not any com-
mon sequence elements, are recognized by RNase III (17, 126,
218). The activity of the endoribonuclease involves separate
reactions in each strand (107), and, although not directly de-
pendent on ribosomal protein binding (16), the sequence spec-
ificity of the cleavage reactions changes in their presence (6).
In a strain deficient in RNase III, 16S rRNA with mature ends
will eventually form but the 23S rRNA will not be fully ma-
tured (106).

The rRNA leader sequence, defined as the region between
the rrn P2 promoter and the first nucleotide of the 16S rRNA
gene, facilitates correct 16S rRNA folding as it immediately
interacts with the 5’ end of the 16S rRNA. This interaction is
of a transient nature and is outcompeted by the stable complex
between the leader and the sequence flanking the 3’ end of the
16S rRNA (218). The importance of the immediate correct
folding of rRNA for ribosomal assembly can be exemplified by
the fact that mutations in either the leader sequence or the 5’'-
or 3'-end-flanking regions of the 16S rRNA often confer a
cold-sensitive phenotype and affect both the structure and
function of the 30S subunits (14, 166, 184, 194).

The products of the RNase III cleavage reactions are pre-
cursor 16S rRNA (17S rRNA), precursor 23S rRNA, precursor
5S rRNA (9S rRNA), and, depending on the rRNA operon, a
few tRNA precursors. To generate mature 16S rRNA, 115 nt
from the 5" end and 33 nt from the 3’ end must be removed
(93). These cleavages are not dependent on prior RNase III
cleavage, as mature 16S rRNA is formed in RNase III-defi-
cient cells. Final 16S rRNA ends are generated by three dif-
ferent enzymes: RNase E, RNase G, and one still-uncharac-
terized RNase. RNase E and RNase G jointly remove the extra
115 nt at the 5’ terminus of the 16S rRNA. First, RNase E
generates a product with an extra 66 nt, forming the 16.3S
precursor, whose final 5" end is processed by RNase G (Fig.
2A) (124). RNase E and RNase G are homologous enzymes
with a functional overlap (162). However, this overlap is lim-
ited, and even though the enzymes can replace each other in
the processing of the 5’ 16S rRNA terminus, the cleavages are
inaccurate and inefficient (124). The extra 33 nt at the 3’ end
are removed by an unknown RNase (77), whose activity may
depend on efficient 5'-end processing. It has been suggested
that base pairing of the 16S rRNA 3" and 5’ termini may have
an inhibitory effect on the processing of the 3’ end. Once
RNase E cleavage has occurred and the terminal stem can no
longer form, 3’ maturation may be accelerated (124). In addi-
tion, data indicating that final maturation takes place during
initiation or the first rounds of translation have been presented
(77, 138).

Unlike that of the 16S rRNA, maturation of the 23S rRNA
is strictly dependent on RNase III. In cells lacking this enzyme,
a heterogeneous population of precursors with additional nu-
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cleotides at both ends is found. However, the correct cleavage
is not essential, as strains deficient in RNase III are viable (108,
195). The rRNA product after cleavage by RNase III contains
only 3 or 7 nt at the 23S rRNA 5’ end and 7 or 9 nt at the 3’
end (93). Final processing of the 5’ terminus is performed by
an unknown enzyme, while maturation of the 3’ terminus re-
quires the exoribonuclease RNase T, an enzyme capable of
trimming residues close to stem structures (Fig. 2A) (122).
Furthermore, as in the case of 16S rRNA maturation, the
3’-end trimming seems to be dependent on prior 5’-end mat-
uration (122). There are also indications that final maturation
of the 23S rRNA occurs during initiation or the first cycles of
translation (33, 193).

Following cleavage by RNase III, the 3'-terminal part of the
primary transcript contains 5S rRNA and additional sequences
that may include one or two distal tRNAs. The 5’ termini of
the tRNA sequences are processed by RNase P, which results
in the release of 9S rRNA, the 5S rRNA precursor (93). The 9S
rRNA includes an extra 84 nt at the 5" end and 42 nt at the 3’
end. Both termini become rapidly processed by RNase E,
which leaves 3 nt at both ends (180). Final maturation at the 3’
end has been shown to depend on the exoribonuclease RNase
T (121), while the RNase active at the 5" end is still unknown.

Chemical modification of rRNA. In E. coli, tRNA and rRNA
(except for the 5S rRNA) are covalently modified during mat-
uration. Both the base and ribose entities can be subject to
more than 80 different modifications, e.g., isomerization of
uridine to pseudouridine (W) or addition of carbonyl, methyl,
amino, or thio groups. The 16S rRNA contains 11 modified
positions, of which 10 are methylations and 1 is a pseudouri-
dine. The 23S rRNA contains 25 known modifications, of
which 14 are methylations, 9 are pseudouridines, 1 is a meth-
ylated pseudouridine, and 1 is unknown (Table 1). Most of the
modifications in both the 16S and 23S rRNA are clustered in
the decoding region and the peptidyl transferase center, re-
spectively (50, 158).

In the 16S rRNA, some modifications are added to naked
RNA while others are added late during maturation of the 30S
rRNA; modification of the 23S rRNA is mainly an early event
(158). 30S subunits can be assembled with in vitro-transcribed
16S rRNA, i.e., independently of the presence of chemical
modifications. Such particles differ to some extent from 30S
subunits reconstituted with rRNA modified in vivo, showing
only 50% tRNA-binding capacity (116). The large ribosomal
subunit seems to depend more on chemical modifications for
proper assembly than does the 30S subunit. Inhibited modifi-
cation leads to formation of 50S particles that lack ribosomal
protein L16 and that show reduced amounts of other ribo-
somal proteins, which results in functionally inactive subunits
(4). However, not all modifications in the 23S rRNA are es-
sential; Green and Noller (71) have shown that at least 17 are
dispensable for both assembly and function in vitro. Only seven
modifications found in the vicinity of the PTC in domain V (nt
2445 to 2523) are required for in vitro reconstitution of func-
tional particles (Table 1) (71). In vivo 50S assembly, however,
requires at least the three W in helix 69 (1911, 1915, and 1917)
and Um2552 (28, 74). Deletion of the rrmJ gene, which codes
for the methyltransferase that modifies U2552, leads to a
severe growth defect which can be rescued by two different
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TABLE 1. Modified nucleosides in E. coli rRNA?

Site Modification Synthetase Phenotype when lacking
gene
16S rRNA
516 v rsuA
527 m’G rsmG”
966 m?G rsmD, yhhF*
967 m°C rsmB
1207 m?G rsmC
1402 m*Cm
1407 m>C rsmF?
1498 m’U rsmE¢
1516 m’G
1518 m®,A ksgA, rsmA
1519 m%A ksgA, rsmA
23S rRNA
745 m'G rrmA
746 v rluA
747 m°U rumB
955 v rluC
1618 m°A
1835 m’G rmG, ygiO'
1911 v rluD Effect on growth due to assembly defect
1915 m W rluD Effect on growth due to assembly defect
1917 v rluD Effect on growth due to assembly defect
1939 m°U rimD Effect on growth due to assembly defect
1962 m°C
2030 m®A
2069 m’G
2251 Gm rlmB
2445 m’G rimL, ycbY® Slow growth in competition experiments; necessary
for in vitro assembly
2449 hU Necessary for in vitro assembly
2457 v rluE Necessary for in vitro assembly
2498 Cm Necessary for in vitro assembly
2501 Unknown C Necessary for in vitro assembly
2503 m?A Necessary for in vitro assembly
2504 v rluC Necessary for in vitro assembly
2552 Um rimE, rrmJ Deficiency in assembly
2580 4 rluC
2604 4 rluF
2605 v rluB

“ Data are from reference 158 except as indicated.

® The gene rsmG has been identified in Streptomyces coelicolor (154), and the corresponding protein in E. coli, GidB, has been crystallized (177), but its activity has

not been shown.
¢ Data are from reference 117.
4 Data are from reference 148.
¢ Data are from reference 13.
/Data are from reference 190.
& Data are from reference 118.

GTPases, ObgE and Der (EngA) (199).

Most of the modified nucleosides are highly conserved; how-
ever, our understanding of their function is poor. The chemical
properties of the modifications may slightly alter the features
of the nucleosides, providing an additional way to fine-tune the
rRNA folding and its interactions. The hydrophobic methyl-
ations, for instance, have been suggested to modulate rRNA
maturation and affect the stability of rRNA structures, and
many have been found to be located at the subunit interface
(28). The proposed function of the hydrophilic pseudouridines
is to act as molecular glue and to tighten RNA conformations,
which is of great importance for, e.g., proper fixation and
orientation of ligands involved in translation (158). One pos-
sible function of the modifications could be to act as structural
checkpoints. Some modifications are added to naked rRNA,

while others require the presence of ribosomal proteins. It is
possible that enzymes that require the presence of proteins
actually require a certain structure. Only if the correct struc-
ture is present will modification occur and the assembly pro-
cess proceed.

Chemical modification of ribosomal proteins. It is known
that some ribosomal proteins are posttranslationally modified
(Table 2) (8). Proteins S11, L3, L7/L12, L16, and L33 are all
monomethylated (21, 37, 40, 201), while L11 has nine methyl
groups (40). Proteins S5, S18, and L12 are acetylated (45, 92).
When acetylated, the L12 protein becomes converted to L7,
and the ratio between these two forms varies with the growth
rate (172). Ribosomal protein S6 is modified by up to six
glutamic acid residues (101). In addition to its methylation,
about half of the S11 molecules contain an isoaspartate (49).
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TABLE 2. Modifications of E. coli ribosomal proteins®

Protein Modification

S5 e Acetylation

S6... ..Glutamic acid residues

ST Monomethylation; partial
modification with isoaspartate

S12 e Methylthio-aspartate

S18. .Acetylation

L3... ..Monomethylation

L7/L12 Monomethylation

L12 ... Acetylation

..Monomethylation; unknown
L33 e Monomethylation

“ Data are from reference 7 and references therein.

Protein S12 has been found to have a methylthio-aspartic acid
(114), and protein L16 has, in addition to the methyl group,
one unknown modification (7). It should be pointed out that
there may be some additional modifications that have not yet
been found (7), and, as in the case with modifications of the
RNA, the role of protein modifications is not clear. The fact
that so many proteins are modified, and that many of the
proteins carry more than one modification, indicates signifi-
cance for ribosomal structure and/or function. First of all, the
modifications may alter the efficiency and specificity of ribo-
somal protein binding to the rRNA but may also optimize the
binding sites of translation ligands. The ones present in sub-
stoichiometric amounts may be a way of signaling the physio-
logical state of the cell. The only modification known so far to
lead to a phenotype when absent is the methylation of ribo-
somal protein L3. Such a mutant shows poor growth and cold
sensitivity and accumulates ribosome subunit precursors (40,
120).

Assembly of ribosomal subunits. (i) Assembly of the 30S

A B

&
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subunit. The secondary structure of the 16S rRNA can be
divided into three major domains, of which domain I is formed
by the 5" end of the rRNA, domain II by the central part, and
domain III by the 3" end of the molecule. Domain III is sub-
divided into one major and one minor domain. The three
domains can easily be recognized in the structure of the as-
sembled 30S subunit; domain I comprises the body, domain II
makes up the platform, and the 3’ major domain forms the
head (196). The 3’ minor domain forms the longest single helix
in the subunit, as it stretches all the way from the base of the
head (the neck region) to the bottom of the body along the 30S
interface (Fig. 3A) (212).

30S subunits can be reconstituted in vitro with 16S rRNA
and a mixture of ribosomal proteins from a crude 30S protein
fraction (TP30), a mixture of individually purified natural or
recombinant proteins (44, 78). These studies have led to the
conclusion that all of the information required for assembly is
contained within the rRNA and ribosomal proteins. During
reconstitution experiments, it was found that protein binding
to rRNA is cooperative and hierarchical, with early binding
events organizing the binding sites of late proteins. The small-
subunit ribosomal proteins have been divided into three
groups called the primary (1°), secondary (2°), and tertiary (3°)
binding proteins. 1° proteins bind directly to the rRNA, initi-
ating the nucleation of 30S domains (20). 2° proteins require
the interaction of rRNA with primary proteins, while 3° pro-
teins need at least one primary and one secondary protein for
correct association. Reconstitution experiments have also
demonstrated that the assembly proceeds with a 5’ to 3’ po-
larity, which suggests a cotranscriptional direction of protein
binding (171). This occurs during transcription, as shown in
vivo by Cowgill de Narvarez and Schaup (43). Taken together,
these observations have resulted in an assembly map (78). The
map has recently been modified and improved, but the general

FIG. 3. Tertiary rRNA structures of the 30S and 50S subunits, seen from the interface side. The structures are adapted from the E. coli 3.5-A
crystal structure (187) and were modeled with PyMol (51). The division into domains is adapted from reference 73. (A) 16S rRNA and its four
domains: 5’ (purple), central (gray), 3" major (red), and 3’ minor (yellow). (B) The 5S subunit (orange) and the six domains of 23S rRNA: domain
I (purple-blue), domain II (cyan), domain III (green), domain IV (yellow), domain V (red), and domain VI (violet).
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FIG. 4. Assembly map of the 30S subunit (a kind gift from G.
Culver). The 16S rRNA is represented by a rectangle, and the binding
order of the ribosomal proteins is shown. The dark gray area indicates
the primary binding proteins, the light gray area indicates the second-
ary binding proteins, and the white area indicates the tertiary binding
proteins. The thick, thin, and dashed arrows show strong, weak, and
very weak interactions between the proteins, respectively. Proteins S6
and S18 bind as a complex and are therefore enclosed in a dashed box.
Red arrows indicate the assembly of the body, green arrows indicate
the platform, and blue arrows indicate the head.

outline still holds (Fig. 4) (1, 75, 87, 198).

In vitro, the 30S particle is assembled in three steps. Upon
incubation of 16S rRNA and a complete set of proteins at low
temperature (0 to 15°C), the assembly becomes stalled after
formation of a distinct particle, termed the reconstitution in-
termediate (RI). This particle sediments at 21S, and its com-
ponents are the 16S rRNA and the 1° and 2° binding proteins.
When the temperature is changed to 42°C, the conformation of
RI is rearranged, resulting in a 26S particle, RI*. When added,
the 3° binding proteins associate with RI*, leading to forma-
tion of the 30S subunit (78, 88). Ribonucleoparticles similar to
RI have been observed in vivo, suggesting that the above-
described in vitro assembly process is genuine. Most of the
conformational changes between RI and RI* are concentrated
at the head structure of the 30S subunit. These changes, in-
volving proteins S4, S5, S7, S8, and S9, play a substantial role
in the rate-limiting steps of the assembly (88).

A rough order for the addition of proteins in vivo has been
determined for the 30S subunit (43); in general, it agrees with
that found in vitro, but there are discrepancies. One explana-
tion for the observed differences, besides the methodology
used, is that while assembled on precursor RNA in vivo, the
proteins were mixed with mature 16S rRNA in the in vitro
reaction. Experiments done in vitro showed that less energy
was needed to form 30S subunits if starting with precursor 16S
rRNA instead of mature 16S rRNA (137), suggesting that
proper processing and maturation of precursor 16S rRNA is
important for accelerating ribosomal protein binding and 30S
subunit assembly. One additional explanation for the observed
discrepancies is offered in a recent publication. The assembly
pathway for the 30S platform, dependent on ribosomal protein
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S15, was studied in vivo by an in-frame deletion of the gene for
S15, rpsO (24). Proteins S18, S6, S11, and S21, which according
to the in vitro data are dependent on S15 for assembly (Fig. 4),
were found in normal amounts in purified subunits. This result
indicates that there are alternative assembly pathways in vivo.

(ii) Assembly of the 50S subunit. Even though the assembly
of the 50S subunit has much in common with that of the 30S
subunit, the series of events leading to formation of the 50S
particle is much more complex. The 23S rRNA is almost twice
the size of the 16S rRNA, it binds nearly twice as many pro-
teins, and it must form correct interactions with the 5S rRNA.
According to the 23S rRNA secondary structure, the rRNA is
divided into six domains (I to VI) (73). These six domains do
not, however, correspond well to the structural tertiary do-
mains, suggesting that the assembly may not follow the 5 to 3’
transcription direction (Fig. 3B) (211). Reconstitution experi-
ments similar to those done to resolve the 30S assembly map
were used to determine the 50S assembly map (Fig. 5) (see
reference 82 and references therein).

Optimal in vitro 50S reconstitution from purified natural 50S
ribosomal proteins and the 23S and 5S rRNA requires four
steps with different reaction conditions. First the 23S rRNA, 5S
rRNA, and a subgroup of proteins are incubated at 0°C with 4
mM Mg**, which results in the RI (1) particle that sediments
at 33S. Thereafter, the temperature must be increased to 44°C
to enable conformational changes and to produce a new 41S
particle, RI*5,. The addition of the remaining proteins leads to
the formation of RIs,(2), sedimenting at 48S. Finally, RI5,(2)
is incubated at 50°C with 20 mM Mg>*, resulting in 50S par-
ticles (Fig. 5) (82). The sequence of events during in vitro
reconstitution involves three defined reconstitution intermedi-
ates with sedimentation coefficients 33S, 41S, and 48S. These
precursor particles are very similar in their S values and com-
positions to the three 50S precursors found in vivo (82, 151).
Five ribosomal proteins—L4, .13, L.20, L.22, and L.24—located
at the 5" end of the 23S rRNA and protein L3, within the 3’
part, are essential for the formation of RI*5y(1). The binding
of proteins L3 (domain IV) and L24 (domain I) seems to be
especially important for proper assembly. It has been shown
that during the folding of 23S rRNA, these proteins initiate the
formation of two main and independent assembly centers
(161a). Proteins LS, L18, and L25 mediate the principal inter-
actions between the 5S and 23S rRNA and are necessary for
the correct formation of the central protuberance (112).

Formation of the 50S subunit has also been studied in vivo,
and as in the case of the 30S subunit, some discrepancies were
found (43).

(iii) Role of metal ions and ribosomal proteins during as-
sembly. To this point there has been no evidence of the in-
volvement of metal ions in peptide bond formation, and their
main role in rRNA folding seems to be stabilization of the
compact tertiary rRNA structures. The structure of the H.
marismortui large subunit has been shown to include 88 mono-
valent cations (Na* and K™) and 117 Mg?*, 22 Cl7, and 5
Zn** ions. The most frequently occurring ion, Mg2+, is often
found within regions where the local density of phosphate
groups is high and where the positively charged ion helps to
stabilize structures by neutralizing the negative charge of the
RNA (111, 146).

A general notion is that the overall folding of rRNA is
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FIG. 5. Assembly map of the 50S subunit. The 23S rRNA is represented by a rectangle with its main fragments and the binding order of the
ribosomal proteins and 5S rRNA. The red arrows indicate strong dependence for binding, and the black arrows indicate weaker dependence. The
blue line encloses proteins essential for RI*5,(1) complex formation, and the green triangle encloses proteins essential for 5S rRNA integration.
The horizontal orange line shows the division between the RI5y(1) and RlI5y(2) proteins. (Reproduced from reference 152 with permission of the

publisher, Wiley-VCH Verlag GmbH & Co., KGaA.)

governed and maintained by its own intramolecular interac-
tions and that the final folding and stabilization of the tertiary
structure require ribosomal proteins (189, 212). The major
function of the proteins is probably stabilization of rRNA
structures, although some of the proteins are also involved in
functionally important interactions with translation factors.
Protein binding may also stabilize intermediate structures dur-
ing ribosome assembly and help to overcome the conforma-
tional entropy. There are several examples of how the lack of
one ribosomal protein affects assembly of the ribosome (see,
among others, references 149, 160, and 181).

The most striking feature of many ribosomal proteins is a long,
basic extension stretching from the otherwise typical acidic glob-
ular domain. The acidic residues allow the globular domains to
associate with the exterior of the ribosome, while the extensions
form structures that penetrate deeper into the particle. The ex-
tensions require a cofolding with the RNA to be able to fill the
gaps and cracks formed by the rRNA (Fig. 1) (20).

The distribution of proteins and RNA in the two subunits is
asymmetrical, with proteins concentrated at the top, sides, and
back (Fig. 1). Most of the 50S proteins make contacts with sites in
several rRNA domains, which are often separated in the nucle-
otide sequence (Fig. 1B and 3B). Therefore, the apparent function
of most 50S proteins is to stabilize interdomain interactions that
shape the particle as a whole. Two regions have higher concentration
of proteins: one is the area just below the L7/L.12 stalk, a binding site
of many translation factors, and the other is the region surrounding
the end of the polypeptide exit tunnel (146).

(iv) RNA chaperones, RNA helicases, ribosome-dependent

GTPases, and other maturation factors. One of the problems
faced during RNA folding is its structural promiscuity: the ease
with which any given RNA sequence finds a reasonable
complementarity. In fact, it has been predicted that about 50%
of the bases in an RNA molecule with a randomly generated
sequence form double helices (128). With the growing length
of the RNA, both the flexibility and the number of obtained
structures, many of which are inactive, increase. Such mis-
folded structures may be very stable (209), and transitions from
kinetically trapped intermediates to the native state are slow
because at least some of the interactions must be broken be-
fore the correct structure can be formed (214). The rate-lim-
iting steps of in vitro reconstitution of ribosomes are likely to
be such kinetic traps, since heating is required to complete the
assembly (78, 82). Although it is clear that the ribosomal sub-
units can be reconstituted in vitro without exogenous factors,
there is no doubt that there are proteins in the cell that facil-
itate and speed up ribosome assembly. Such maturation factors
may lower the activation energy required for maturation and
thereby omit the heating step (211).

Besides the ribosomal proteins, the importance of which was
discussed above, there are at least three classes of proteins that
may help manage RNA folding: RNA chaperones, RNA heli-
cases, and ribosome-dependent GTPases (Table 3). The chap-
erones may help the RNA out of kinetic traps in the folding
pathway by resolving and destabilizing RNA structures (refer-
ence 128 and references therein). The resolved RNA then
becomes free to try again to reach the correct structure (209).
Chaperones may also prevent or slow down formation of cer-
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TABLE 3. Factors involved in ribosome maturation in E. coli
Factor Suggested function and description Reference(s)

DEAD-box RNA helicases

CsdA (DeaD) 50S biogenesis; cold shock-inducible ATPase 97, 202

DbpA 50S biogenesis; helix 92-dependent ATPase 57, 58

SrmB 50S biogenesis; nucleic acid-dependent ATPase 35, 153
Ribosome-dependent GTPases

Era 16S rRNA maturation, 30S biogenesis 19, 141, 183

Der (EngA) 50S biogenesis 89

ObgE (CgtAg) 16S and 23S rRNA maturation, 50S biogenesis 94, 182, 215

RsgA (YjeQ) 30S biogenesis 85
Maturation factors

EryC Ribosome biogenesis 164

DnaK Protein chaperone; ribosome biogenesis 5, 25, 59, 132

GroEL Protein chaperone; ribosome biogenesis 60

RbfA 30S biogenesis 27, 48

RimB Ribosome biogenesis 23

RimC Ribosome biogenesis 23

RimD Ribosome biogenesis 23

RimH Ribosome biogenesis 96

RimM 30S biogenesis 27

RimN 30S biogenesis 99, 100

YbeB Ribosome biogenesis 94, 95

YhbY Ribosome biogenesis 94, 95

YibL Ribosome biogenesis 94, 95

YjgA Ribosome biogenesis 94, 95

tain intramolecular structures and bring together different
RNAs, acting as matchmakers (83). There is at least one po-
tential RNA chaperone candidate involved in translation in E.
coli. IF1 has been suggested to have a chaperone activity,
although which RNA may be the target for this activity is not
yet known (43a).

RimN (YrdC) has been suggested to play a role during 30S
subunit assembly, as a rimN mutant accumulates 17S rRNA
(99, 100). The protein does not contain any known protein
motifs characteristic of RNases or DEAD-box helicases, but it
has a concave surface that can bind double-stranded RNA
(200). The function of RimN is not known; it may possess a
chaperoning activity, although this possibility needs to be stud-
ied further.

RNA helicases are proteins that modulate secondary and
tertiary RNA structures. They play important roles in many
cellular processes involving RNA, such as RNA processing,
degradation, translation, and ribosome biogenesis (64). Many
of the RNA helicases belong to a large and highly conserved
family of proteins called the DEAD-box family. This family is
further subdivided into DEAD, DEAH, and DExH subgroups
according to their characteristic motifs. Some of the DEAD-
box proteins possess RNA-dependent ATPase activity and are
capable of melting short RNA duplexes (64). In E. coli, there
are three DEAD-box helicases suggested to be involved in
ribosome biogenesis: SrmB, CsdA (DeaD), and DbpA (34, 35,
58). CsdA is a ribosome-associated factor involved in a late
step of 50S biogenesis; deletion of the csdA4 gene leads to an
accumulation of 40S particles (34). CsdA was initially identi-
fied as a suppressor of a mutation in the gene encoding ribo-
somal protein S2 (202) and was later shown to be a cold
shock-inducible ATP-independent RNA helicase (97). The
SrmB protein was isolated as a multicopy suppressor of a

temperature-sensitive mutant of ribosomal protein L24 and
was suggested to be a nucleic acid-dependent ATPase involved
in 50S assembly (153). Deletion of the srmB gene leads to
accumulation of a 40S particle corresponding to an incom-
pletely assembled 50S subunit. The protein composition of this
particle suggests that SrmB is involved in an early step of 50S
biogenesis, which fits with the fact that 1.24 is one of the
assembly nucleation proteins (35). The RNA target(s) of CsdA
and SrmB is not known, in contrast to the DbpA helicase.
DbpA is a 3’ to 5" RNA helicase (58), whose helicase and
ATPase activities are dependent on a specific region in the 23S
rRNA, helix 92, located within the PTC (58). Its precise role,
however, is not known.

The third class of proteins significant for RNA folding in-
cludes the GTPases. Some of them have activities that are
ribosome dependent and that lead to defects in ribosome as-
sembly when malfunctioning (22, 29). A well-studied example
is Era, a protein that possesses both 16S rRNA and 30S sub-
unit-binding capacity and whose GTPase activity increases
when bound to RNA (141). Era binds to the 30S subunit in the
cleft between the head and the platform, a site overlapping the
binding site for ribosomal protein S1, one of the last proteins
to be added to the subunit (191). The Era protein is also in
contact with the 3" end of the 16S rRNA, and depletion of Era
has been shown to affect maturation of the 16S rRNA. How-
ever, whether it is directly involved in 3'-end processing re-
mains to be elucidated (183). It has also been shown that the
cold-sensitive phenotype of an Era mutant can be suppressed
by overexpression of the ksg4 gene, coding for a 16S rRNA
methyltransferase (129). This enzyme dimethylates two A’s in
helix 45 at the 3’ end of the 16S rRNA. KsgA binds to a
pre-30S particle, but methylation of the 16S rRNA probably
occurs later during assembly (54). All these data taken to-
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gether suggest that Era is important for maturation of the 3’
end of the 16S rRNA and that this is probably a late event. To
support this, mutants deficient in Era have been shown to
become cell cycle arrested, a finding that indicates a link be-
tween ribosome biogenesis and the cell cycle (19).

ObgE (CgtAg) is a conserved GTPase with many suggested
functions. It has been found to bind to ribosomal subunits and
to affect ribosome maturation (182, 215). Recently it was
shown that ObgE binds to 50S subunits in its GTP form, and its
deletion affects maturation of not only 23S rRNA but also 16S
rRNA (94). Interestingly, overexpression of ObgE or Der (de-
scribed below) can suppress the slow growth caused by the lack
of the Um2552 methyltransferase RrmJ (199).

Der (EngA) is a GTPase with tandem GTP-binding domains
that is essential for 50S subunit formation (89).

RsgA (YjeQ) is a GTPase that is activated by 30S subunits
(46, 85). The protein is probably involved in 30S subunit as-
sembly, as a Arsg4 mutant accumulates 17S rRNA (85).

Finally, there is a group of proteins that affects ribosome
synthesis in an as-yet-unknown way; we refer to these proteins
as maturation factors. When mutated, many of these proteins
are known to affect ribosome biogenesis negatively. RbfA and
RimM are proteins essential for efficient processing of 16S
rRNA. Both have been shown to bind to the 30S subunit, and
RbfA and RimM mutants show a cold-sensitive phenotype
(27). RbfA was identified as a multicopy suppressor of a C23U
mutation in the first helix at the 5’ end of the 16S rRNA, and
it may be involved in late maturation of 30S subunits or in
translation initiation (48). RimM mutants show incorrectly ma-
tured 30S subunits and impaired translational efficiency (27).

In summary, it has been shown that (i) a ArimM mutation
can be suppressed by increased synthesis of RbfA (26, 27), (ii)
a ArbfA mutation can be suppressed by overexpression of the
Era protein (90), and (iii) a cold-sensitive Era mutant can be
suppressed by overexpression of KsgA (129). These results
indicate a functional order for the four proteins, RinM—RbfA—
Era—KsgA, with KsgA perhaps being the last to exert its
function before ribosomal protein S1 binds to the small
subunit.

As mentioned above, overexpression of Der or ObgE can
suppress the lack of RrmJ (199), which places Der and ObgE
after RrmlJ in the assembly process (94).

DnaK is a protein chaperone that belongs to the Hsp70
family. It stabilizes the hydrophobic regions of extended
polypeptide segments in an ATP-dependent manner upon heat
shock induction (25). At 45°C, temperature-sensitive DnaK
mutants give rise to the accumulation of 30S and 50S precursor
particles, implying that DnaK is involved in ribosome biogen-
esis at high temperatures (3, 59). However, the involvement of
the protein at temperatures below 30°C is more controversial.
Maki et al. have shown that at 15 to 20°C, Dnak, together with
its cochaperones GrpE and Dnal, is sufficient to convert 21S
RI particles to 30S particles, omitting the heating activation
required in vitro (132-134). This finding has been questioned,
and the issue is still unresolved (5).

Another chaperone and heat shock protein, GroEL, has
been shown to be required for a late step in 50S biogenesis at
high temperatures, although it is dispensable for 30S assembly
(60).

There are also a few not very well mapped genes which,

MICROBIOL. MOL. BIiOL. REV.

when mutated, affect ribosome maturation. These genes are
eryC (164); rimB, rimC, and rimD (23); and rimH (96). Also, a
few proteins—YbeB, YhbY, YibL, and YjgA—have been
found by a proteomic approach to be ribosome associated and
possibly involved in ribosome biogenesis (94, 95).

REGULATION OF THE SYNTHESIS OF
RIBOSOMAL COMPONENTS

Bacteria live in habitats with frequently changing conditions;
to be able to adapt rapidly, they have evolved a wide array of
mechanisms to regulate every cellular process from transcrip-
tion initiation to protein inactivation and degradation. Regu-
lation of gene expression on the transcriptional level relies on
signals transferred to the RNA polymerase (RNAP) that alter
the enzyme’s activity or specificity. Different regulatory pro-
teins, molecules, and small RNAs can modulate RNAP. Be-
sides the o and anti-o factors, an additional 100 to 150 tran-
scription factors and 240 to 260 DNA-binding proteins in E.
coli are also involved in the fine-tuning of expression (91).

In this section, we focus on global regulatory networks that
affect rRNA transcription: the stringent response and steady-
state (growth rate) regulation. Both regulations respond to
cytoplasmic concentrations of (p)ppGpp to regulate the syn-
thesis of stable RNA (rRNA and tRNA). Stringent control
leads to a reduction of stable RNA synthesis in response to
amino acid starvation, while the growth rate control leads to
adjustment of stable RNA synthesis in response to changes in
the nutritional quality of the growth medium. The general
belief is that these two processes are functionally distinct,
something that recently has been questioned (53). We also
discuss feedback regulation of rRNA synthesis in response to
the amount of active ribosomes.

The Transcription Process

The transcription process per se is reviewed briefly; for more
details, see references 169 and 175.

Transcription initiation. The DNA-dependent RNAP is a
multisubunit entity consisting of at least four subunits (a,BB’),
with a total molecular mass of 378.8 kDa, and it contains all of
the catalytic activity required for RNA synthesis. However, the
RNAP core enzyme (E) is unable to recognize promoter se-
quences required for transcription initiation without an addi-
tional subunit, the o factor. There are seven different o factors
in E. coli: a™°, o™ (%), 0% (%), o™ (67?), oF (0%®), oF (¢*),
and o"°! (6'?). Most of the housekeeping and growth-related
genes in exponentially growing cells are transcribed by RNAP
containing ¢’° (130), while Eo® is essential for transcription of
many stationary phase-specific genes (208). The remaining five
o factors—o™ and o (206), o (8), o™ (142), and ¥ (61)—
respond to different stimuli and alter gene expression accordingly.

Transcription initiation is a multistep process that starts with
the RNAP sliding along the DNA in search of a promoter. At
least four intrinsic elements are part of a promoter recognition
sequence: (i) a hexamer at position —10 upstream from the
transcription start site, (ii) a hexamer at position —35, (iii) the
spacer region (the DNA region between these two elements),
and (iv) the UP element (the region located between positions
—40 and —60) (144). After binding of RNAP to the promoter
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sequence, an unstable closed binary complex is formed. Melt-
ing of the double-stranded DNA leads to the placement of the
template strand in the active-site channel and formation of an
open complex. With the binding of the first (initiating) nucle-
oside triphosphate (iNTP), the initiation complex is formed
(145).

Transcription elongation and termination. Formation of the
stable elongation complex is probably facilitated by the release
of the o factor in order to enclose the RNA-DNA hybrid
within the active-site channel. During elongation, a transiently
open transcription bubble (about 18 bp in length) moves
through the otherwise double-stranded DNA. The catalytic
site contains a substrate-binding site, at which the incoming
NTP (supplied via the secondary channel) is bound, and a
product-binding site, at which the 3" end of the growing RNA
chain is positioned (205). The transcribed RNA forms an
RNA-DNA hybrid with the template strand as it leaves the
catalytic site before it exits via the RNA exit channel. One
important feature of the elongation complex is its stability; the
problem is how to bring about sequence-specific destabiliza-
tion of the complex at terminator sites (79). Such destabilizing
signals may be either intrinsic (factor independent) or factor
dependent, which requires participation of the Rho protein.

Intrinsic terminators, which represent about half of the ter-
mination sites in E. coli, include a GC-rich sequence that forms
a stable termination hairpin, followed by a 7- to 9-nt U-rich
sequence. It appears that upon interaction with the hairpin, the
exit channel is opened and the unstable U/A RNA-DNA hy-
brid becomes disrupted.

Rho-dependent terminators are defined by a C-rich 60- to
100-nt segment that lacks secondary structures. Binding of Rho
to the terminator induces its RNA-dependent ATPase activity,
resulting in a movement in the 5’ to 3’ direction along the
nascent RNA. When the Rho protein catches up with the
polymerase, the helicase activity triggers the release of the tran-
script (70, 174).

Regulation of Expression of rrn Operons

In bacteria, the ribosomes determine the capacity of trans-
lation; because this is directly linked to cell growth, control of
rRNA transcription and ribosome biogenesis is of great im-
portance for the adjustment to environmental changes.

In E. coli, there are seven rRNA operons: rrnA, rrnB, rmC,
rmD, rmE, rnG, and rmH. Transcription of these operons
accounts for more than half of the cell’s total RNA synthesis
under rapid growth conditions (42). The operons are almost
identical in sequence, with only minor sequence heterogene-
ities, containing the 16S, 23S, and 5S genes in that order (Fig.
2A). The spacer region separating the 16S and 23S genes
contains one or two tRNA genes; two of the operons (rnH and
rmC) also have distal tRNA genes located downstream of the
5S gene. The rnnD operon has two 5S rRNA genes, separated
by a tRNA gene. Over the years, many of the studies of rRNA
expression have been performed with the rnB operon, which
has been chosen as a representative example of rRNA operons
(Fig. 2); however, there are minor differences in the regulation
of the seven operons (84).

rrn operons contain two promoters, P1 and P2, which are
arranged in tandem and separated by ~120 bp. Both promot-
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ers are recognized by Ec’’, and even though none contains a
perfect match to the consensus sequence, they are among the
most efficient in the cell. Changes in the P1 sequence, making
it more similar to the o’ consensus sequence, produce an even
stronger promoter; however, they also lead to insensitivity to
alterations in the growth rate or (p)ppGpp concentration (56,
167). This indicates that the P1 promoter sequences have not
evolved for maximal initiation efficiency but have instead been
optimized for intricate regulation.

There are two characteristic intrinsic features of the core rm
promoters (besides the —10 and —35 regions) that are impor-
tant for the response to stringent and growth rate regulation.
One of them is a suboptimal spacer region of 16 bp (instead of
the most frequent 17 bp) between the —10 and —35 hexamers.
The second feature is a GC-rich discriminator sequence found
directly downstream of the —10 hexamer (Fig. 2B) (68). While
P1 is most active at high growth rates, the activity of P2 seems
to be homeostatic and more important at low growth rates. It
has been suggested that the activity observed for P2 could be
masked by transcription originating from the upstream P1 pro-
moter, an effect known as promoter occlusion (67).

Two features contribute to efficient initiation of transcrip-
tion: the UP element and the transcription factor FIS, a pro-
tein that binds as a dimer to the DNA upstream of UP (Fig.
2B). Together these two stimulate r7n transcription from all P1
promoters up to 200-fold in vivo (86). The UP element is an
AT-rich DNA sequence, directly flanking the —35 hexamer
and extending to the —60 region. UP elements have been
found at P1, P2, and non-rRNA promoters, and the degree of
similarity to the consensus sequence correlates with the tran-
scription induction (86, 178). The « subunits of RNAP interact
with the UP element to enhance RNAP binding to the pro-
moter region (12).

FIS is a small, 11.2-kDa DNA-binding protein that serves as
a transcription regulator of many genes, including rRNA and
tRNA genes (135). Three to five FIS-binding sites have been
identified upstream of all P1 promoters (Fig. 2B). The pro-
moter-proximal site I, which accounts for most of the activa-
tion in vivo, is required for RNAP recruitment to the region;
sites II and III increase transcription only marginally (20 to
30%) (161, 179). The FIS protein bends the DNA and untwists
the —10 region, enhancing open complex formation (10).

H-NS is another DNA-bending protein involved in the reg-
ulation of rrn expression. It acts as a repressor, specifically
antagonizing FIS-dependent activation. Repression is caused
by entrapment of RNAP in a stable DNA loop formed by
H-NS (47).

The difference in the rate of transcription of rRNA and
mRNA genes has been attributed to the rn antitermination
system. All rRNA operons in E. coli have antiterminator se-
quences, called nut-like sequences, in their leader (down-
stream of P2) and spacer (between the 16S and 23S rRNA
genes) regions. These sequences are important for the assem-
bly of antitermination complexes, which allow RNAP to tran-
scribe through Rho-dependent terminators within the long
untranslated TRNA operons. Several components of an anti-
termination complex have been identified, i.e., NusA, NusB,
NusG, and NusE (ribosomal protein S10). Other ribosomal
proteins—S1, S4, L3, L4, and L13—have also been suggested
to play a role in antitermination (203).
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It seems that the nut-like sequences are located in close
proximity to the 16S rRNA RNase III processing sites. Muta-
tions in these sites affect RNase III processing and lead to
misfolding of rRNA (147, 184). It is therefore possible that
interactions between RNAP, rRNA, and Nus factors bring
together the 5" and 3’ ends of the RNase III targets, facilitating
16S rRNA processing (69). The antitermination system is also
thought to maintain a transcription elongation rate that is
optimized for both speed and folding of the transcript. A
too-high elongation rate has been shown to result in improper
folding of the rRNA transcript and misassembly of 50S sub-
units (119).

The involvement of ribosomal proteins in antitermination
complexes renders an additional way to coregulate transcrip-
tion and ribosome biogenesis. The ribosomal protein S1 has
been suggested to decrease antitermination, while the S4, L3,
L4, and L13 proteins increase terminator readthrough about
11-fold. This raises a possibility for the ribosomal proteins to
increase the TRNA synthesis and, at the same time, to be
delivered to their binding sites on the nascent transcript (203).
Therefore, the antitermination system may have a role in pro-
moting the first steps of correct folding and processing of
rRNA, and the involvement of ribosomal proteins in the anti-
termination complex may be a way to prevent production of
incomplete rRNAs and unequal titration of ribosomal proteins
(155).

The stringent response and (p)ppGpp. When the availability
of amino acids in the cell is lower than that required for
continuous protein synthesis, a complex set of pleiotropic re-
sponses termed stringent control is initiated. The induced cel-
lular changes result in an upregulation of protein degradation,
amino acid synthesis, and carbohydrate metabolism and a
downregulation of nucleic acid and protein synthesis. The
major regulators of the stringent response are two small
nucleotides, guanosine 3’,5'-bis(diphosphate) (ppGpp) and
guanosine 3’-diphosphate 5'-triphosphate (pppGpp). These
molecules are not known to differ much in function and are
therefore collectively denoted (p)ppGpp. The nucleotides are
synthesized by enzymatic phosphorylation of GDP and GTP to
ppGpp and pppGpp, respectively, using ATP as a phosphate
donor (131). During growth-favorable conditions, low basal
steady-state levels of (p)ppGpp are maintained in the cell.
However, upon induction of the stringent response, the cellu-
lar concentrations of (p)ppGpp increase by 10- to 100-fold
(36). In E. coli, two closely related enzymes, RelA and SpoT,
are responsible for synthesis and degradation of (p)ppGpp.
RelA is a synthetase, whereas SpoT is a bifunctional enzyme
with both a hydrolase and a synthetase activity.

RelA is a low-abundance ribosome-bound protein whose
(p)ppGpp synthetase activity is triggered when a cognate, un-
charged (deacylated) tRNA is bound to the A site on the
ribosome (131).

Not much is known about the other enzyme, SpoT. It is a
cytosolic protein responsible for maintenance of the basal lev-
els of (p)ppGpp during balanced and slow growth. The syn-
thetase activity seems to be triggered by carbon and energy
source starvation, but the enzyme’s primary function is pyro-
phosphohydrolase activity. The ability of SpoT to degrade high
cellular (p)ppGpp levels is important for recovery from the
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starvation-induced stringent response (31).

During amino acid deprivation, bacterial cells react by an
immediate shutdown of rRNA and tRNA transcription (31). In
P1, the core promoter (—41 to +1), which contains the impor-
tant and highly conserved GC-rich discriminator, appears to be
the target for inhibition. Both the UP elements and the FIS
protein-binding sites seem to be dispensable for stringent reg-
ulation (98).

The crystal structure of ppGpp bound to RNAP reveals that
the regulator binds to a single site at the RNAP surface near the
secondary channel and close to the active center (9). The
binding of ppGpp may thus affect the addition of the NTP
substrates to the catalytic site. The competition between iNTP
and (p)ppGpp for the same binding site on RNAP may lead to
increased instability of open complexes of P1 promoters.
ppGpp has also been proposed to base pair with a cytosine in
the nontemplate strand of the discriminator, negatively affect-
ing interactions within the transcription bubble (9).

(p)ppGpp-dependent regulation is not only restricted to the
steps of transcription initiation. During elongation of mRNA,
RNAP pausing at several sites is enhanced, which significantly
increases the efficiency of termination (9, 115); interestingly,
(p)ppGpp has no effect on rRNA elongation (204).

Recently, the role of the DksA protein in the inhibition of
rrn expression was reported. DksA is a small protein that binds
to RNAP and affects the rate of open complex decay, enhanc-
ing the sensitivity to the small variation in iNTP concentra-
tions. It also is thought to enhance the sensitivity to (p)ppGpp
(168, 170).

Steady-state regulation (growth rate regulation). Bacterial
growth is directly linked to the capacity for protein synthesis.
Both the fraction of ribosomes engaged in translation (~80%)
and the rate of peptide chain elongation are independent of
the growth rate. With an upper translation limit of ca. 22
amino acids per second, an increase in total protein synthesis
can be achieved only by an increase in the number of ribo-
somes, which in a rapidly growing cell can be as many as
70,000. At lower growth rates this number is reduced to 2,000
(18, 157). The rate of stable RNA synthesis is commonly de-
termined as the ratio of stable RNA (r,) to total RNA (r,)
synthesis (ry/r.). The synthesis rates of mRNAs remain approx-
imately constant, while the synthesis of rRNA is growth rate
dependent. Under good growth conditions, nearly all RNA
transcription is devoted to stable RNA synthesis, and the r./r,
ratio approaches 1. In slow growth, it reaches a minimum level
of 0.25, with most transcripts originating from (p)ppGpp-in-
sensitive promoters (53). Many experiments have been carried
out to answer the question of whether (p)ppGpp is the main
growth rate regulator. The P1 promoters have been suggested
both to respond (65) and not to respond (81) to growth rate
control in strains lacking (p)ppGpp (so-called ppGpp? strains).
A thorough study of published results and additional experi-
ments have led to the suggestion that ppGpp alone is the
growth rate control regulator (53).

(i) Translational feedback of ribosomal proteins. During
ribosome biogenesis, the rate of ribosomal protein synthesis is
dictated by the activity of ongoing rRNA expression. In E. coli,
there are 19 r-protein operons. In most cases, the ribosomal
protein genes are clustered either with other r-proteins or with
proteins involved in translation, e.g., elongation factors EF-G,
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EF-Tu, and EF-Ts. Interestingly, the genes encoding the o, 3,
B’, and o’® subunits of RNAP are also clustered among 1-
proteins (104). The main mechanism for coordinating the rate
of ribosomal protein synthesis to other r-proteins, and to the
available amount of rRNA, is the autogenous feedback regu-
lation. This mechanism works at the translational level through
one of the r-proteins in the operon that binds not only directly
to the target rRNA but also to its own mRNA at a site called
the operator. The operator may be located either upstream
of the first gene or between genes in the operon. When in excess,
the repressor r-protein binds to the operator and inhibits trans-
lation of the proteins encoded in the mRNA (104). The re-
pressor may either compete with ribosomes for the mRNA or,
upon binding to the message, induce formation of structures
that prevent the ribosome from accessing the translation start
site (140). Ten repressor proteins have been identified to date:
S1, S4, S7, S8, S15, S20, L1, L4, L10, and L20, regulating the
S1, a, str, spc, S15, S20, L11, S10, L10, and L35 operons,
respectively (104).

Binding of a repressor r-protein may lead not only to re-
duced translation initiation but also to degradation of the
mRNA. However, not all operons containing r-proteins are
subjects of autogenous translational feedback regulation.
Operons that encode r-proteins that do not bind directly to
rRNA cannot utilize this kind of regulation and are instead
repressed at the transcriptional level or through protein deg-
radation (210).

(ii) Feedback regulation of rRNA synthesis. One of the
proposed mechanisms explaining how the amount of ribo-
somes is regulated to meet the cell’s demand for protein syn-
thesis is the feedback mechanism (42). It allows maintenance
of the balance between the energy devoted to biosynthetic
pathways and to the protein synthesis machinery at any given
growth rate (125). One example of when such regulation is
needed is during rapid growth, when several rounds of repli-
cation of the chromosome are initiated simultaneously. The
DNA will be partly polyploid, and the number of rRNA oper-
ons will be notably higher than seven. In this case, the feedback
regulation prevents production of more ribosomes than
needed (207).

The targets of the feedback signal are the mn promoters. It
has been shown that deletion of four rn operons induces
expression from the remaining three by several times and that
this increase is induced at the level of transcription initiation
(41). Yamagishi et al. were able to demonstrate that an alter-
ation of three bases in the anti-SD region in a 16S rRNA gene
on a plasmid abolishes feedback regulation of rn operons
(216). Also, a decrease in the concentration of translation
initiation factor 2 significantly disrupts regulation, which is
observed as increased accumulation of rRNA and nontranslat-
ing ribosomes. Based on these observations, it was proposed
that ribosomes must be active in translation to be subject to
feedback regulation (39).

Even though feedback regulation, as a way of regulating
rRNA synthesis, is no longer controversial, our understanding
of the identity of the molecular signal that senses the presence
of functional ribosomes, and how it becomes transferred to the
initiating RNAP, is minimal. There are two models for explain-
ing feedback regulation, and both involve sensing the concen-
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tration(s) of small effector molecules linked to the translation
process: (i) iNTP and ppGpp (169) or (ii) ppGpp only (53).

70S QUALITY CONTROL AND
TRANSLATION INITIATION

The importance of ribosomal function and quality cannot be
questioned. Not only does the cell need the correct amount of
ribosomes but those produced must also function properly.
The ribosome, when correctly assembled, is resistant to nucle-
ase activity and is reused during many translation cycles. Mak-
ing a ribosome is costly for the cell, requiring many compo-
nents and factors. Therefore, it is better to eliminate faulty
particles during the early stages of maturation than during the
later stages, especially before they are finally matured and used
in translation. The question can therefore be raised: how is the
quality of the ribosome checked? In this section we argue in
favor of a hypothesis.

More than a few times in this review, we have referred to
results indicating a coupling between ribosome biogenesis and
the translation process. The most straightforward is the strin-
gent control, induced by a shortage of charged aminoacyl
tRNAs. This triggers the production of (p)ppGpp, which turns
off rRNA transcription and hence ribosome production. The
mechanism behind the feedback control is less well under-
stood, but its effects are clear: if the number of actively trans-
lating ribosomes is for some reason lowered, production of
rRNA and synthesis of ribosomal proteins is increased. If, on
the other hand, the ribosomes are in excess, the activity of
ribosome biogenesis is reduced. Thus, there seems to be a
signal in the cell that senses the number of active ribosomes
and transfers this to the ribosome biogenesis machinery.

There are also indications of a link between maturation of
the two ribosomal subunits. In cases when biogenesis of one of
the subunits is affected, delays in maturation of the other are
often observed. Two ribosomal proteins, S5 and L.22, shown to
be important for the assembly of their respective subunit, when
mutated, affect maturation of both the 30S and the 50S parti-
cles (149, 150, 165). Deletion of the gene rluD, which codes for
a pseudouridine synthase that modifies the 23S rRNA, leads
not only to immature 50S subunits but also to immature 30S
subunits (74). The assembly factors SrmB and CsdA, which
interact with 50S, have been shown, when deleted, to be im-
portant for assembly of the 30S subunit, as judged from the
presence of 17S rRNA (34, 35). Finally, the antibiotic chlor-
amphenicol, although binding to the 50S subunit, has been
shown to affect assembly of the 30S subunit (reference 99 and
references therein). In the presence of chloramphenicol, the
amount of rrn transcripts accumulates in the cell: a phenotype
of affected feedback regulation (52). At first, it was believed
that the defect in rRNA maturation was due to affected trans-
lation of ribosomal proteins. However, it is more likely that it
is the reduced translation itself that affects the regulatory loop
between translation and final maturation of the subunits (195).

In view of the fact that rRNA maturation is such a minute
and complex process, one may ask why the RNA is transcribed
with immature termini that eventually have to be removed.
One purpose may be that the sequential conformational
changes of the precursors during processing keeps the RNA
folding within the correct assembly pathway. It has also been
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suggested that the processing is part of an additional mecha-
nism: function verification and quality control of newly assem-
bled ribosomes. The idea that rRNA processing and protein
synthesis may be interdependent has been proposed by Man-
giarotti et al., who state that newly synthesized particles that
cannot fulfill the requirements for structural reasons become
disassembled in the eukaryotic slime mold Dictyostelium dis-
coideum (136). For E. coli, data that suggest that final matu-
ration of 16S rRNA, as well as the 5’ ends of both 23S and 5S
rRNA, is dependent on conditions that favor protein synthesis
have been presented (33, 77, 138, 193).

If maturation takes place during 70S initiation complex for-
mation, or during the first cycles of translation, all of the
above-mentioned results make sense. It has been found that
formation of the 70S ribosome during translation initiation
involves sequential contacts between the two subunits (80),
which may be a way of probing the structure of the particles.
Hence, if one of the subunits is affected in assembly, this leads
to a delay in maturation of the other.

If there is quality control of the type described above, there
must be a machinery to degrade the faulty subunits. Most
studies of ribosome degradation have been done with starving
cells in stationary phase, and very little is known about the
sequence of events; however, knowledge of RNases involved in
ribosome turnover is steadily growing (55). The initial cleavage
reactions take place on free 30S and 50S subunits, possibly by
RNase E, and once the degradation process starts, it proceeds
rapidly until completion (15, 102).

RNase E is an enzyme that plays a major role in mRNA
turnover (and probably also rRNA turnover), recognizing and
cleaving sites located within AU-rich single-stranded regions.
RNase E exists both as a free molecule in the cell and as part
of a multiprotein complex called the degradosome (15).
Whether RNase E degrades rRNA as a free enzyme or as part
of the degradosome is still uncertain, although fragments of
both 16S and 23S rRNA have been found associated with the
degradosome in vivo (15). Following endonucleolytic cleavage
is the exonucleolytic digestion of rRNA fragments by at least
two enzymes, PNPase and RNase R (38).

It has also been shown that TRNA in E. coli can be poly-
adenylated, especially in the absence of processing exoribo-
nucleases that cannot compete with the binding of poly(A)
polymerase I (PAPI) to the exposed 3’ ends of the rRNA
(123). Polyadenylation is an important signal for mRNA deg-
radation in eubacteria, but it is still unknown whether the short
poly(A) tails added to stable RNA promote degradation (143).

Normally, when finally matured, ribosomes are very stable
and resistant to RNases. However, mistakes in the formation
of ribosomes do occur, and there must be a way to identify
defective ribosomal particles. Such a signal may include imma-
ture 3" ends of rRNA, which, when exposed, could be poly-
adenylated by PAPI and recognized and degraded by the
degradosome, PNPase, and RNase R.

Whether final maturation indeed takes place during trans-
lation initiation is under investigation. The studies mentioned
above were performed in vitro; however, our experiments will
show what happens in vivo. If maturation occurs during initi-
ation or shortly thereafter, anything that slows down initiation
will lead to an accumulation of immature rRNA. We have used
two strains, mutated in either Fmt (methionyl tRNA formyl-
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transferase) or IF2. Our preliminary results support the hy-
pothesis (data not shown).

Even if we sort out when the final maturation of the subunits
occurs, and hence when the quality of the ribosome is checked,
that finding will not reveal the mechanism behind the control.
We want to focus on this problem, but there are many other
aspects of ribosome biogenesis to study: in what order are the
proteins added, what are the roles of all of the accessory
factors, and what are the identities of the missing RNases? In
summary, ribosome biogenesis in bacteria is a field that calls
for much research and promises an interesting scientific future.
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